Cell migration is an essential part of many ( patho)physiological processes, including keratinocyte re-epithelialization of healing wounds. Physical forces and mechanical cues from the wound bed (in addition to biochemical signals) may also play an important role in the healing process. Previously, we explored this possibility and found that polyacrylamide (PA) gel stiffness affected human keratinocyte behaviour and that mechanical deformations in soft (approx. 1.2 kPa) PA gels produced by neighbouring cells appeared to influence the process of de novo epithelial sheet formation. To clearly demonstrate that keratinocytes do respond to such deformations, we conducted a series of experiments where we observed the response of single keratinocytes to a prescribed local substrate deformation that mimicked a neighbouring cell or evolving multicellular aggregate via a servo-controlled microneedle. We also examined the effect of adding either Y27632 or blebbistatin on cell response. Our results indicate that keratinocytes do sense and respond to mechanical signals comparable to those that originate from substrate deformations imposed by neighbouring cells, a finding that could have important implications for the process of keratinocyte re-epithelialization that takes place during wound healing. Furthermore, the Rho/ROCK pathway and the engagement of NM II are both essential to substrate deformation-directed keratinocyte migration.
Introduction
Cell migration is an essential part of many physiological and pathological processes in the body, including tissue morphogenesis [1] , inflammation [2] and wound healing [3] . Re-epithelialization during cutaneous wound healing is a result of migration, proliferation and differentiation of the peripheral keratinocytes along the edge of the wound [4] [5] [6] . Aberrant or delayed re-epithelialization increases the risk of infection and the severity of scar tissue formation, and it contributes to the development and persistence of chronic wounds [4, 7, 8] . The regulation of re-epithelialization and keratinocyte migration is understood largely in terms of biochemical signals [6] . Recent interest in the mechanobiology of tissues, however, suggests that physical forces and mechanical cues from the wound bed could also play an important role in the healing process [4, [9] [10] [11] .
The biophysical mechanisms by which cells sense and respond to mechanical signals, however, remain poorly understood. In addition to the multi-protein complexes that form at the anchoring junctions between the cell and the substrate [12, 13] , actin -myosin interactions with the cytoskeleton remain a focal point of study for elucidating the mechanisms involved in mechanosensing, particularly those involving non-muscle myosin II (NM II) [14] [15] [16] . NM II engages with actin to generate cytoskeletal traction forces that are transmitted through an integrated complex of focal adhesion associated proteins to the extracellular matrix (ECM) via integrins, the main transmembrane receptors for ECM proteins [17, 18] . An increase in ECM/substrate stiffness recruits more integrin-associated structural and signalling proteins to the site of adhesion, including focal adhesion kinase (FAK). Increased FAK activity at these adhesive contacts also stimulates the Rho/ROCK (Rho kinase) pathway. Rho is a family of small GTPases that activate ROCK, which in turn regulates myosin light chain phosphorylation, NM II engagement and contraction with actin, which leads to increases in both cortical tension and transmembrane force generation that promotes cell migration [19, 20] or substrate displacement [21, 22] . Collectively, cellular components that contribute to myosin contraction, such as Rho/ROCK, appear to be vital to mechanosensing for a range of cell phenotypes [20, 22] , possibly through a mechanism involving substrate deformationdependent mechanical feedback. Indeed, several studies have indicated that Rho/ROCK and NM II are important to keratinocyte behaviour, including regulation of keratinocyte differentiation [23 -28] .
It is important to understand not only the basic mechanisms underlying cellular mechanosensation, but also how this process controls individual and coordinated physiological and pathophysiological cellular behaviours, such as those involved in tissue self-assembly [29 -32] , ECM remodelling [33, 34] , wound healing [4, [9] [10] [11] , fibrosis [35, 36] and cancer metastasis [37 -41] . For example, the influence of ECM remodelling and stiffness on tumour progression has been the subject of some recent cancer studies [39, 41] . With respect to wound healing, Zarkoob et al. [42] explored previously how substrate stiffness affected primary human keratinocyte behaviour and found that mechanical cues influenced the process of de novo epithelial sheet formation. Specifically, the process by which human keratinocyte formed multicellular aggregates was significantly different on soft (approx. 1.2 kPa) versus stiff (approx. 24 kPa) polyacrylamide (PA) gels [42] . Keratinocytes on soft PA gels exhibited smaller spread contact areas, increased migration velocities, increased rates of aggregate formation and more cells per aggregate, respectively [42] . In addition, the keratinocytes on soft PA gels appeared to migrate directly towards an evolving multicellular aggregate in a cooperative manner, ostensibly in response to mechanical cues that propagated through the deforming substrate from the aggregate. Such directed migration was not apparent on the stiff PA gels.
These observations were near completely analogous to those published by Reinhart-King et al. [43] with respect to bovine aortic endothelial cells plated at low density on 2.5-5.5 kPa PA gels. Both Reinhart-King et al. and Zarkoob et al. [42] hypothesized that such enhanced cooperativity is due to the ability of a cell to sense and respond to substrate deformations induced by the neighbouring cells. In our previous study of multicellular aggregate formation, because each cell likely modulates the tractions it exerts on the substrate in response to those of adjacent contracting cells, the mechanical environment is spatially heterogeneous and temporally dynamic, which precluded any analysis aimed at unambiguously correlating cell migratory behaviours to mechanical signals communicated through substrate deformations imposed by neighbouring cells.
The purpose of this study was to demonstrate that keratinocytes alter their migratory pathways by sensing of the substrate deformation field. Using a servo-controlled microneedle embedded in a PA gel substrate, we produce spatiotemporally controlled deformations at a defined distance in proximity to an otherwise randomly migrating keratinocyte. The magnitude and rate of change of substrate deformations induced by the embedded microneedle are selected to roughly mimic those induced by an evolving multicellular aggregate during the process of de novo epithelial sheet formation, as observed in our previous study [42] . We also examined the effect of adding either Y27632, a Rho kinase inhibitor, or blebbistatin, a NM II inhibitor, on the response of the cells to PA gel deformations. Both of these chemicals are commonly used to investigate the role that internal force generation plays in the mechanosensing process [44 -47] . The results of this study indicate that keratinocytes do sense and respond to mechanical signals comparable to those that originate from substrate deformations imposed by neighbouring cells, a finding that could have important implications for the process of keratinocyte re-epithelialization that takes place during normal and pathologic wound healing.
Material and methods

Polyacrylamide gel preparation
Thin PA gels approximately 100 mm in thickness were polymerized on the surfaces of glass bottom Petri dishes (MatTec Corp., Ashland, MA, USA) as described previously [42, 48] . Briefly, a ratio of 2.0%/0.25% acrylamide/bis-acrylamide was used to fabricate soft PA gels with a nominal stiffness of 1.2 kPa based on gel formulations published elsewhere [49, 50] . We use the term, soft, to denote that this PA gel formulation is identical to the formulation of the soft gels used in our previous work [42] . Consistent with this reported modulus, we estimated a zerostrain PA gel modulus of 1.3 + 0.5 kPa by using a manual glass bead indentation technique with a Hertzian contact model [51] . FluoroSpheres w Carboxylate-Modified Microspheres (no. F8812, Life Technologies, Carlsbad, CA, USA) measuring 0.5 mm in diameter were embedded inside the gels to facilitate deformation tracking. Pepsin-digested collagen was attached covalently to the surface of the gel with Sulfo-SANPAH. The samples were sterilized under UV light for 15 min and stored at 48C for later use.
Cell culture
Neonatal human epidermal keratinocytes (HEKn) (Fisher Scientific, Waltham, MA, USA) were cultured in keratinocyte serum-free medium (Invitrogen) supplemented with 1% penicillin -streptomycin and 0.1% amphotericin B in a humidified incubator maintained at 378C and 5%/95% CO 2 /air. Passage three cells were plated at a density of approximately 200 cells cm 22 onto the surface of the PA gels, a density that was effectively 20 times less than used in our previous experiments [42] . The calcium of the medium was then elevated from a baseline concentration of approximately 0.09 to 1.2 mM by adding CaCl 2 to the medium in order to trigger cell -cell anchoring junction assembly and de novo epithelial sheet formation via the calcium switch [42, 52, 53] . HEKn were allowed to attach and equilibrate for 3 h in the incubator before imaging with the microscope.
Time-lapse live cell imaging
Once the samples had equilibrated, they were transferred to a temperature-controlled microscope enclosure (CO 2 Microscope Cage Incubation System, Okolab, Pozzuoli, Italy) with recirculating air that integrates with a micro-environmental gas chamber (H201-K-Frame, Okolab, Pozzuoli, Italy) (figure 1a). This set-up provides 378C, humidified air with 5% CO 2 via a manual gas mixer and pump to the samples so that extended time-lapse imaging is possible. Time-lapse images were acquired with a Nikon Ti-E inverted microscope equipped with wide-field epifluorescence and differential interference contrast (DIC) microscopy capabilities and a DS-Qi1 Nikon camera. DIC and fluorescent rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180133 images pairs were acquired with a CFI plan Apo 10Â DIC objective combined with a 1.5Â magnifier.
Microneedle-induced polyacrylamide gel deformations
Controlled local mechanical deformations in the PA gel substrate were produced using a sterile 0. Single keratinocytes that were at least 350 mm away from any neighbouring cells were located and imaged. Circles measuring either 100 or 200 mm in radius and centred on the cell nucleus were superimposed on the live image using Nikon Elements software. The needle tip was then inserted to a depth of approximately 40 mm below the surface of the gel at a location on the circle that was intentionally irrespective of the direction of cell migration (figure 1b). The needle (figure 1c,d ) was then displaced at a constant rate of 1 mm min 21 in order to roughly mimic both the average instantaneous velocity of single keratinocytes and the rate of change of keratinocyte-induced substrate deformations we previously observed on soft PA gels [42] . To ensure that the microneedle-induced displacements were comparable to those observed in our previous work, tracked substrate displacements and displacements rates produced by the microneedle (see §2.7 PA gel substrate displacement tracking) were compared with a region of equivalent area centred on an evolving multicellular aggregate over a 2-h time window (figure 1e). Histograms at select time points (figure 1f,g) indicate that despite some expected differences in the distribution of displacements and displacement rates, particularly towards t ¼ 2 h, there is reasonable overlap between the substrate deformations generated in a representative microneedle experiment and those generated by a prototypical multicellular aggregate as observed in our previous work [42] . In order to assess for experimental reproducibility, substrate displacement rates in the PA gel initially located approximately 100 mm from the microneedle tip were tracked and compared across all of our experimental conditions (figure 1h). The results confirm that no significant differences exist with time or by experimental condition as assessed by a two-way ANOVA.
Following needle insertion, time-lapse images were acquired at 5-min intervals for 2 h, roughly the time at which time the needle began to exit the image field of view. As many as three sequential experiments were conducted on each gel, such that all observations were conducted within 10 h of the start of the experiment. The 2 h imaging period for any given cell was determined to be of acceptable duration because it was substantially larger than the average persistence time characteristic of a keratinocyte migrating on a soft PA gel (14.4 + 17.0 min). To calculate this persistence time, a parallel set of control experiments were conducted where the needle was absent and images were acquired every 5 min over 24 h. The mean squared displacements calculated from these time-lapse images were fit to the persistent random walk model of cell motility [54] [55] [56] using the method of Wu et al. [56] and averaged to extract the persistence time.
Chemical inhibitors
The Rho kinase inhibitor, Y27632 (ALX-270-333-M001, Enzo Life Sciences, Inc., Farmingdale, NY, USA) [24 -27,57] , and a NM II inhibitor, blebbistatin (ab120425, Abcam, Cambridge, MA, USA) [58, 59] , were added to the culture medium of some experiments in order to assess how inhibiting components of the mechanosensing and force generating machinery of the cytoskeleton affected keratinocyte behaviour in response to the needle-induced substrate deformations. One hour after the cells were added to the PA gels (i.e. 2 h before imaging began) either Y27632 or blebbistatin was added to the culture medium to produce a final concentration of 50 mM of inhibitor.
Experimental conditions
Four different experimental conditions involving needle-induced substrate deformations on soft PA gels were investigated, where the initial distance of the needle away from the cell (Soft-100, Soft-200) and the effects of chemical inhibition (Soft-Y27632, SoftBleb) on cell migration were investigated (table 1 ). An additional control condition (Soft-Control), where the needle was absent, was also examined. Ten cells were analysed for each condition.
Polyacrylamide gel substrate displacement tracking
The PA gel substrate displacements were measured, as was done previously [42] , by using a custom MATLAB (Mathworks, Inc., Natick, MA, USA) algorithm based on spatial cross-correlation between subsequent image pairs of the embedded fluorescent microspheres [60] . Specifically, an array of evenly spaced grid points was placed on a subset of the image that contained the cell and extended to the location of microneedle insertion. Subwindows around each grid point were then correlated between image pairs to obtain the corresponding displacements in the substrate. The grid point positions were updated and used to generate the subwindows for correlation between the next image pair. In this manner, the grid point positions track with the microspheres in the deforming substrate. Thus, the two-dimensional position vector of the substrate, r s ðtÞ, and the incremental substrate displacement between frames, u s ðtÞ ¼ r s ðtÞ À r s ðt À 1Þ, at time, t, are straightforward to describe.
Cell motility
The two-dimensional position of the cell, r c ðtÞ, was determined by hand tracking the location of the nucleus in each image using the Manual Tracking plugin in IMAGEJ (National Institutes of Health, Bethesda, MD, USA). In the experiments involving the needle, it was necessary to distinguish between cell movement from cell motility versus cell movement stemming from needle-induced deformations in the substrate. Thus, the total incremental displa- Both r m and u m , which we refer to as the adjusted position vector and adjusted cell displacement vector, respectively, were used in the data analysis described below.
Directional analysis and circular statistics
We posit that if a cell is preferentially migrating in a direction coincident with the direction of substrate displacement-as opposed to changing direction randomly-then the distribution of the direction vectors should deviate significantly from a uniform distribution (i.e. random cell migration). Furthermore, the distribution should have a mean direction that coincides with the mean direction of substrate displacement. To determine if such a relationship was present, an angle distribution of the direction of cell migration was obtained by calculating the angle of the adjusted cell displacement vector, u um , which is given by u um ¼ tan À1 ðu my =u mx Þ, where u mx , and u my are the components of u m . In a similar manner, the angle distribution of the direction of substrate displacement, u us , was calculated from u s . Both u us and u um were calculated for each frame, binned together for all 10 experiments associated with a given condition, and represented as polar histograms. The CircStat tool box for MATLAB [61] was then used to compare the two distributions via a modified Rayleigh test for uniformity, or V test [62] , to determine if the distribution for u um was random (i.e. distributed uniformly around a circle), or if the distribution for u um was not random and its mean direction coincided with the average direction of u us .
Results
Control experiments without the insertion of a needle into the gel were performed in order to obtain baseline information on single keratinocyte migration behaviours. These cells (table 2) . The persistence time of these cells was calculated as 14.4 + 17.0 min. Consequently, a duration of 2 h for each microneedle experiment was deemed more than sufficient for determining whether directed migration towards the needle was occurring for each condition examined. Next, the servo-controlled needle was inserted into the gel a nominal distance of 100 mm away from the cell nucleus and displaced at a constant rate of 1 mm min 21 to produce a constant and repeatable deformation in the gel over a 2 h period (electronic supplementary material, movie S2). These cells, which prior to the insertion of the needle were migrating in random directions, typically altered course and moved in the direction of needle displacement (figure 2). This behaviour was also observed, though to a lesser extent, in experiments where the needle was nominally inserted 200 mm from the cell centre (electronic supplementary material, movie S3). The addition of Y27632 (electronic supplementary material, movie S4) and blebbistatin (electronic supplementary material, movie S5) altered keratinocyte morphology and migration behaviour (figure 2). Both drugs induced the formation of highly extended cells with quasi-filopodial-like and quasi-lamellipodial-like cellular protrusions that seemed to preferentially align with the substrate deformations produced by the movement of the embedded microneedle (electronic supplementary material, movies S4 and S5). Keratinocytes that were not exposed to these drugs did not exhibit this prominent morphological change. Most importantly, keratinocytes exposed to both blebbistatin and Y27632 were completely unresponsive to substrate deformations produced by the needle; their migration path was unaffected by the superimposed substrate deformation field. Post-experiment analysis found no significant differences in the magnitude or rate of substrate displacements induced by the needle amongst the four experimental conditions. However, the true needle tip to cell nuclei distance for circles measuring 100 and 200 mm was less than the nominal distance at 84.0 + 5.7 mm, 85.9 + 4.4 mm, 86.4 + 6.0 mm, and 182.3 + 5.4 mm for Soft-100, Soft-Y27632, Soft-Bleb, and Soft-200, respectively.
In order to confirm that the keratinocytes were migrating towards the needle and not simply carried by the underlying deforming substrate, we calculated the adjusted cell position and plotted the adjusted cell paths for all experiments ( figure 3 ). These paths clearly show that the cells primarily migrated in the direction of the needle and that exposure to either Y27632 or blebbistatin blocked this effect. A comparison of the distribution of u um to the direction of needle displacement (figure 4) also quantitatively and statistically supported this notion. V-tests confirmed that for both Soft-100 and Soft-200 the direction of cell movement coincided with the direction of needle movement ( p , 0.001). V-tests also indicated that the direction of cell movement for Soft-Y27632 and Soft-Bleb samples was not significantly different from a uniform distribution and did not coincide with the direction of needle-induced substrate displacements.
Discussion
During wound healing, the composition and structure of the wound bed transitions dramatically from that of the initial provisional fibrin clot to a dense, vascularized, cellular bed of granulation tissue, to a final state of remodelled replacement ECM [63] . Concurrently, the mechanical properties of the wound site change continuously, with atomic force microscope measurements on wounded rat skin showing increases in stiffness from 18.5 kPa at day 7 to 29.4 kPa by day 9 [64] , compared to median measurements in human papillary and reticular dermis of 0.82 and 1.12 kPa, respectively [65] . Given that a variety of mechanical cues and physical contexts haven been shown to regulate physiological and pathophysiological cellular behaviours [48, [66] [67] [68] [69] [70] , it is reasonable to ask whether such cues also have the potential to guide temporal and spatial aspects of keratinocyte re-epithelialization of the wound site.
Here, we set out to test the hypothesis that keratinocytes adherent to soft substrates can sense and respond to substrate deformations, and that this might be the explanation for the enhanced cooperativity in de novo epithelial sheet formation that we observed in our previous work [42] . Towards this end, we designed an experiment in which we experimentally imposed substrate deformations similar in magnitude and rate of deformation to those that can be generated by an evolving multicellular aggregate of keratinocytes. By imposing these experimental deformations within a defined length scale relative to an otherwise randomly migrating isolated keratinocyte, we were able to consistently induce substrate deformation-directed keratinocyte migration. Furthermore, rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180133 using a Rho kinase inhibitor (Y27632) and a NM II inhibitor (blebbistatin), we have demonstrated that the Rho/ROCK pathway and the engagement of NM II are both essential to the observed process of substrate deformation-directed keratinocyte migration. Our observations are consistent with the pioneering work of Lo et al. [70] , who, in addition to showing that cells preferentially migrate up gradients of rigidity (i.e. durotaxis), also used a blunted microneedle to demonstrate that localized mechanical deformations in the substrate could direct 3T3 fibroblast migration either towards or away from the needle, depending on whether the substrate was pulled or pushed, respectively. More recently, Plotnikov et al. [45] obtained similar results following the same methodology, where a needle was inserted 10 mm away from an isolated cell, and then instantaneously stretched to the elastic limit and held in place for 45 min. By contrast, we applied a controlled, constant rate of substrate deformation with the needle inserted 100 and 200 mm from the cell centre and quantitatively tracked both the imposed substrate deformations and the cell migration path over a 2 h period. Although the cellular response was essentially the same, the nature of the mechanical cues involved was temporally and spatially different from these earlier studies. Because the microneedle imposed substrate deformations at a constant rate, and cells were migrating in random directions with respect to the subsequently imposed substrate deformation, the potential mechanical cues a given cell experienced were varied. The diversity of spatial and temporal mechanical inputs likely contributed to the variability in the cell paths taken ( figure 3) , where not all cells followed the needle-induced deformations for the duration of the experiment.
Multicellular aggregating behaviour on soft but not stiff PA gel substrates is a phenomenon that has been observed by others [43, 44] . In particular, Reinhart-King et al. [43] found that endothelial cell pairs on soft PA gels were able to interact with each other by sensing mechanical forces exerted between them through the substrate. The dispersion, or tendency of these cell pairs to migrate away from their initial location, was reduced significantly compared to that of single cells. Guo et al. [44] posited that this type of behaviour could be explained in terms of comparisons between mechanical signals from the cell and the substrate and mechanical signals between the cell and neighbouring cells. Cells migrate away from each other if the mechanical signals are greater in the substrate than from neighbours, and towards each other when the signals are reversed. The tendency for keratinocytes to migrate in the direction of needle displacement observed here is consistent with this hypothesis.
A common explanation for what guides directed cell migration is that deformation of the substrate induced either by a needle or an adjacent cell or aggregate of cells produces a durotactic gradient in substrate rigidity via nonlinear strain stiffening of the substrate in response to cell traction forces. For small deformations, PA gels are generally considered linear elastic materials, which implies that local substrate stiffness does not change with increasing strain. However, nonlinear elastic behaviour has been reported for PA gels used in traction force microscopy experiments subject to imposed surface displacements of as little as 2-6 mm [71] (note that substrate displacements as large as 60 -70 mm were generated in our microneedle experiments). Regardless of the elastic or nonlinear elastic constitutive behaviour of the underlying substrate, however, geometric nonlinearities exist within a deforming substrate such that a migrating cell will perceive an increase in apparent substrate stiffness when migrating over a region of substrate that is strained as opposed to an area that is unstrained.
As a purely speculative explanation of the durotactic phenomenon, consider the following conceptual model of a migrating keratinocyte, initially present within an area of unstrained substrate (zero-strain condition). Within this keratinocyte, both 'stable' and 'tugging' focal adhesions are present, the latter of which are thought to be asynchronously sampling the extracellular mechanical environment [45] . When the cell encounters an area of strained substrate, it is possible that 'tugging' focal adhesions are more efficiently converted to 'stable' focal adhesions within the advancing lamellipodia. Consequently, 'stable' focal adhesions present on areas of strained substrate will accumulate, eventually outnumbering those present on areas of unstrained substrate. Ultimately, this relative imbalance could bias the migration of the cell to follow a path of increasing strain (or apparent stiffness) gradient. In essence, this model is consistent with the results of Plotnikov et al. [45] where softer substrates were observed to promote increased numbers of 'tugging' focal adhesions and rigid substrates supported a relative increase in the numbers of 'stable' focal adhesion contacts.
As an alternative to the durotactic hypothesis, it is also possible that substrate deformations generated by our microneedle created a gradient in matrix protein (collagen) density and that the keratinocyte was simply migrating along a path of increasing sites of adhesive contact availability in a mechanism that is often referred to as haptotaxis. Alternatively, our data are also potentially consistent with the more recently described phenomenon of topotaxis [72] , where the keratinocyte was following changes in PA gel topography in a way that favoured directed cell migration towards the microneedle. Unfortunately, based on the present experimental dataset, we are unable to further characterize whether or not the substrate deformation-directed migration of keratinocytes is best categorized as durotaxis, haptotaxis, topotaxis or a combination of these biophysical mechanisms. Without question, future investigations are needed to better define the mechanism(s) underlying the keratinocyte's migratory response to imposed substrate deformations.
Regardless of which mechanical or biochemical cue(s) are responsible, the addition of either Y27632 or blebbistatin interrupted directed cell migration towards the needleinduced substrate deformations. Plotnikov et al. [45] observed that ROCK inhibition mediated via exposure to Y27632 did not specifically alter the number of focal adhesion contacts in migrating mouse embryonic fibroblasts, but it did promote a switching of focal adhesions from 'stable' to 'tugging' states. Consistent with our conceptual model of durotaxis, this implies that if Y27632-treated keratinocytes possess increased numbers of focal adhesions relegated to a 'tugging'-only state, they should statistically be less likely to exhibit substrate deformation-directed migration patterns due to their inability to preferentially form 'stable' focal adhesions on areas of strained substrate.
In addition to direct ROCK inhibition, downregulation of NM II activity is a well-known downstream effect of Y27632. Based on this fact, it is reasonable to expect that blebbistatinexposed keratinocytes might exhibit a similar loss of substrate deformation-directed migration to that observed for Y27632-treated cells. Indeed, this was the case. Multiple studies have shown that intracellular tension via actin-myosin engagement is necessary for the integration of key mechanosensing proteins (e.g. vinculin) into focal adhesions [13, 16, 73] , and that interrupting NM II contractility via exposure to blebbistatin or Y27632 interferes with this process [16, 45] .
Lastly, note that lamellipodia-mediated cellular migration is an exquisitely complex cellular process, requiring spatiotemporal coordination in the assembly of lamellipodia at the leading edge of the cell, together with the formation/ dissolution of focal adhesion contacts and the modulation of actomyosin contractility within the cell cortex [74] . Based on their molecular targets alone, we cannot say for certain whether or not the loss of substrate deformation-directed migration caused by Y27632 and blebbistatin exposure was due to an acquired mechanosensory defect versus a global loss of coordination within the molecular machinery of the migratory apparatus. The observation that drug-treated keratinocytes often exhibited cellular protrusions that seemed to preferentially align with substrate deformation gradients seems to suggest that within some localized areas of focal adhesion contact formation, the cell was still able to sense deformation gradients in the substrate. Presumably, localized mechanosensing failed to exert a global effect on keratinocyte migration due to the overall loss of molecular coordination amongst the various components of the migratory apparatus.
With regards to the generalizability of our results, it is important to note that major differences in cell migration have been observed in two-dimensional versus three-dimensional culture environments. As such, there is no reason to expect that the results we observed for epidermal keratinocytes are universally applicable to all eukaryotic cell types. Cells in three-dimensional constructs, e.g. fibroblasts migrating within a fibrillar collagen gel, likely employ different migration machinery (actin-based protrusion and contraction driver blebs) and adhesion kinetics [22, 59, [75] [76] [77] compared to cells migrating in two dimensions. Although it is unclear whether or not the biophysical mechanism(s) of cell mechanosensation differs in two-dimensional versus three-dimensional environments, durotactic migration has been reported in threedimensional culture platforms [76, 78] . However, from both a mathematical and physiological standpoint, the epidermis constitutes a two-dimensional manifold, a surface that separates an organism from its external environment. Arguably, to this first-order approximation, epidermal keratinocytes are constrained in vivo to two-dimensional migration. Based on this assumption, our experiments are comparable-in terms of their physiologic relevance-to the classic two-dimensional rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180133 scratch assay that is widely used as a model of wound re-epithelialization in vitro [79] .
To date, the implications for single-cell keratinocyte mechanosensation of substrate deformations during wound healing are uncertain, as epidermal re-epithelialization is dogmatically viewed as a form of collective cellular migration initiated from the leading edge of the wounded epithelium. However, in our previous work with keratinocytes [42] , we frequently observed that peripheral cells of a multicellular aggregate forming on a soft PA gel extended cellular processes in a direction of increasing substrate deformation generated by nearby cells and cell aggregates. This response suggests that mechanical sensation of substrate deformations may also apply to multicellular aggregates, and by extension, to the leading edge of a wounded epidermis during the process of re-epithelialization. Whether or not single-cell or multicellular aggregate sensation of substrate deformations plays a significant role during the course of natural wound healing, its continued study is warranted to support the development of novel therapeutic strategies targeting the treatment of chronic skin wounds. As a case in point, individual keratinocyte migration and multicellular aggregate formation may represent the primary mechanism by which liquid spray keratinocyte cell-based therapies contributed to the enhanced re-epithelialization of human venous stasis ulcers observed in a recent clinical trial [80] .
Conclusion
In this work, we investigated the keratinocyte's migratory response to controlled substrate deformations originating approximately 100 and 200 mm away from an otherwise randomly migrating cell. Most keratinocytes altered their migration pathway, preferring a course that vectorially aligned with the direction of substrate deformation. Addition of either Y27632 or blebbistatin impaired the cellular migratory response to these mechanical deformations. Collectively, these results provide compelling evidence supporting the notion that keratinocytes are mechanosensitive cells, further implying that the mechanobiology of keratinocytes could be an important factor that contributes to the process of re-epithelialization in states of both health and disease.
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